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ABSTRACT: In the Y42F mutant of photoactive yellow protein (PYP) the photoreceptor is in an equilibrium
between two dark states, the yellow and intermediate spectral forms, absorbing at 457 and 390 nm,
respectively. The nature of this equilibrium and the light-induced protonation and structural changes in
the two spectral forms were characterized by transient absorption, fluorescence, FTIR, and pH indicator dye
experiments. In the yellow form, the oxygen of the deprotonated p-hydroxycinnamoyl chromophore is linked
by a strong low-barrier hydrogen bond to the protonated carboxyl group of Glu46 and by a weaker one to
Thr50. Using FTIR, we find that the band due to the carbonyl of the protonated side chain of Glu46 is shifted
from 1736 cm ™" in wild type to 1724 cm ™" in the yellow form of Y42F, implying a stronger hydrogen bond
with the deprotonated chromophore in Y42F. The FTIR data suggest moreover that in the intermediate
spectral form the chromophore is protonated and Glu46 deprotonated. Flash spectroscopy (50 ns—10 s)
shows that the photocycles of the two forms are essentially the same except for a transition around 5 us that
has opposite signs in the two forms and is due to the chemical relaxation between the two dark states. The two
cycles are coupled, likely by excited state proton transfer. The Y42F cycle differs from wild type by the
occurrence of a new intermediate with protonated chromophore between the usual I; and I, intermediates
which we call I;H (370 nm). Transient fluorescence measurements indicate that in I;H the chromophore
retains the orientation it had in I;. Transient proton uptake occurs with a time constant of 230 us and a
stoichiometry of 1. No proton uptake was associated however with the formation of the I;H intermediate and
the relaxation of the yellow/intermediate equilibrium. These protonation changes of the chromophore thus
occur intramolecularly. The chromophore—Glu46 hydrogen bond in Y42F is shorter than in wild type, since
the adjacent chromophore—Y42 hydrogen bond is replaced by a longer one with Thr50. This facilitates
proton transfer from Glu46 to the chromophore in the dark by lowering the barrier, leading to the

protonation equilibrium and causing the rapid light-induced proton transfer which couples the cycles.

Photoactive yellow protein (PYP)' is a bacterial photoreceptor
that is the structural prototype of the PAS domain family of
signaling proteins. (/—6). It is a small globular cytoplasmic o/f3
protein (14 kDa) whose three-dimensional structure has been
determined in both the dark state and some of its transient
photointermediates (7—9). Absorption of light by its p-hydro-
xycinnamoy! chromophore (4, 446 nm) leads in about 3 ps to
photoisomerization around the chromophore C,=Cg double
bond (10, 11). Tsomerization is followed by a series of dark
reactions on the nanosecond, microsecond, and millisecond time
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scales (12, 13). The system returns to the initial dark state within
1 s. In the course of these dark relaxation reactions the initial
structural perturbation of the chromophore is transmitted to the
protein, leading on the millisecond time scale to a major
structural change in the I," intermediate. This global structural
change has been detected by solvent effects on the kinetics (74),
NMR (15), CD (16, 17), small-angle X-ray scattering (18), and
FTIR (19, 20). It has been characterized as a partial unfolding of
the protein with the N-terminal cap dissociating from the central
antiparallel S-sheet (17, 21, 22, 54). Formation of I’ is associated
with the transient exposure of a hydrophobic surface patch
(14, 23). The longest lived intermediate I’ is identified with the
signaling state, although no interaction with a response regulator
has been observed. The kinetics of the photocycle has been
studied in detail by a variety of methods including transient
absorption in the visible and UV (12, 13, 24, 54), transient
fluorescence (25), and time-resolved FTIR (79, 20).

Due to the availability of high-resolution structural data both
in the crystalline state and in solution, PYP has developed into a
model system for PAS domain signaling proteins and for more
general questions in biophysical chemistry such as protein
folding (21, 26) and hydrogen bonding (27—30).

©2009 American Chemical Society



Article

Biochemistry, Vol. 48, No. 42, 2009 9981

FIGURE 1: Structures of the active sites in wild type (left) and the yellow form of Y42F (right). The oxygen of the deprotonated chromophore is
linked by a pair of bifurcated hydrogen bonds to E46 and Y42 in wild type and to E46 and T50 in Y42F. Carbon, oxygen, nitrogen, and sulfur
atoms are shown in green, red, blue, and yellow, respectively. The pink dots indicate the hydrogen-bonding network. The lengths of the key

hydrogen bonds are indicated and taken from refs 8 and 36.

The chromophore of PYP is anchored in its binding pocket by
three hydrogen bonds (see Figure 1, left). The carbonyl of the
chromophore’s thioester linkage is hydrogen bonded to the
amino group of backbone residue 69. In the dark state, the
oxygen of the deprotonated chromophore is hydrogen bonded to
the protonated side chains of residues Y42 and E46 by a
bifurcated pair of hydrogen bonds. These are still present after
isomerization in the red-shifted I, intermediate (deprotonated
chromophore, A,,.x 460 nm), in which only the hydrogen bond
with the backbone is broken (37), but are lost in the following I,
and I,’ intermediates (absorbing in the UV at 370 and 350 nm,
respectively (48, 13)), in which the chromophore is protonated.
The role of residue E46 has been intensively investigated (19, 20,
32—34). We focus here on the interplay between the two
hydrogen bonds of the chromophore’s oxygen with Y42 and E46.

The two hydrogen bonds of the chromophore with E46 and
Y42 are unusually short and strong with O- - - O distances of 2.58
and 2.51 A, respectively (28, 29). Recently, direct information
about the proton positions in these bonds was obtained for the
first time from neutron diffraction (27). For the proton in the
hydrogen bond between the chromophore and E46, the distances
to the phenolic oxygen and the carboxylic oxygen were 1.37 and
1.21 A, respectively (27). Since the average covalent O—H bond
length is 0.95 A, this indicates that this proton is not covalently
bound to either oxygen but is essentially shared by the two
oxygen atoms (27). This implies that the proton affinities of E46
and the chromophore in the dark are similar. It was concluded
that this proton is in a low-barrier hydrogen bond (LBHB) (27).
For the short hydrogen bond with Y42, on the other hand, the
distances are very different. The distance between this proton and
the phenolic oxygen of Y42 is 0.96 A, close to the average O—H
bond length, making this a covalent bond.

The role of active site residue Y42 and its hydrogen bond with
the chromophore has been investigated in a number of studies. It

was observed with the mutant Y42F that replacement of the short
hydrogen bond between the chromophore and Y42 by one of
normal length with T50 leads to the formation of a shoulder
around 390 nm on the blue side of the absorption maximum
(457 nm) (35—37) (see spectrum in Figure 8A). This spectral
species is called the intermediate spectral form and is also
observed in the Y42A and Y42W mutants (35—38). In these
mutants, the dark state is in an equilibrium between the yellow
(450—458 nm) and intermediate spectral (390 nm) forms. This
equilibrium can be shifted in the direction of the intermediate
spectral form by raising the temperature or by the addition of
chaotropes (36, 38). The Y42F mutant has reduced stability
against denaturation (36, 38); however, tyrosine 42 is not essential
for the formation of the signaling state as Y42F has the same bell-
shaped pH dependence of the photocycle recovery rate as wild
type (36). The structure of the yellow form of the Y42F mutant
(favored by the crystallization procedure) was determined by
X-ray diffraction (36). The aromatic ring of the chromophore is
moved by about 0.8 A with respect to its wild-type position (see
Figure 1). A new but weaker (2.79 A) hydrogen bond of the
chromophore with the OH group of TS50 replaces the stronger
hydrogen bond (2.51 A) with Y42 present in wild type (36) (see
Figure 1). The diffraction data show moreover that the distance
between the oxygens of E46 and the chromophore is less in the
mutant Y42F than in wild type (2.51 vs 2.58 A) (36), making this
an even stronger hydrogen bond. The structure of the intermedi-
ate spectral form is not available. It was concluded from UV
resonance Raman experiments at 325 nm that the chromophore
in the intermediate spectral form is protonated (39), correcting
previous FT Raman measurements in which no selective excita-
tion of the intermediate form was achieved (36). Ultrafast
absorption measurements showed that, in the mutant Y42F,
the formation of the I; intermediate, with deprotonated chro-
mophore, is 100 times faster than in wild type (30 ps vs 3 ns) (40).
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Photocycle measurements on the millisecond time scale indicated
only the presence of a protonated intermediate absorbing in the
UV (36, 37). Interestingly, the fluorescence excitation spectrum
had the shape of the absorption spectrum, i.e., included the
shoulder at 390 nm due to the intermediate spectral form (36),
although the fluorescence originates from the yellow form. Based
on studies with a number of mutants, it was concluded that
residue E46 and its hydrogen bond with the chromophore are
prerequisites for the existence of the intermediate spectral
form (38).

The goal of this study is to gain a better understanding of the
nature and properties of the intermediate spectral form with
particular emphasis on the role of the hydrogen bond between
E46 and the chromophore. We suggest that replacement of the
hydrogen bond of the chromophore’s oxygen with Y42 by the
weaker one with TS50 in the mutant Y42F strengthens the
chromophore’s second hydrogen bond with E46. This increases
the proton affinity of the chromophore in the Glu—chromophore
hydrogen bond and lowers the barrier for proton transfer,
facilitating intramolecular proton transfer via this hydrogen
bond in the dark and leading to the equilibrium with the
intermediate spectral form with protonated chromophore. Our
observations indicate moreover that, in the intermediate spectral
form, rapid light-induced proton transfer from the chromophore
occurs, effectively coupling the photocycles of the two spectral
forms.

MATERIALS AND METHODS

Protein Production and Purification. Halorhodospira halo-
phila holo-PYP was produced by coexpression with the biosyn-
thetic enzymes TAL and pCL and subsequently purified from
Escherichia coli BL21(DE3) as described (47). The mutagenesis
was also performed as described (42).

Transient Absorption Spectroscopy and Data Analysis.
Time-resolved absorption spectroscopy with nanosecond time
resolution by single and double flash excitation was performed as
described (23, 43—45). Amplitude spectra were determined from
the transient absorbance data using singular value decomposition
methods as described previously (13, 23, 24, 46, 47). Matrix
calculations including singular value decomposition were per-
formed with Matlab version R 12.1. Fits with sums of exponen-
tials were carried out with Microcal Origin version 7.5.

Kinetics of Bulk Protonation Changes and Dye Binding.
Light-induced proton release and uptake were monitored using
the pH indicator dye BCP in unbuffered solution as de-
scribed (23). The proton uptake stoichiometry was determined
as described (23, 33). Measurements of the kinetics of dye binding
were performed with the same dye in the presence of 30 mM Tris.
Titrations were carried out by adding microliter aliquots of
10—100 mM HCI or KOH.

Transient Fluorescence Spectroscopy. Time-resolved
fluorescence spectroscopy was performed as described (29).

Simultaneous Measurement of UV—Vis and FTIR Spec-
tra. FTIR spectra were recorded using a Nicolet 20 SXB Fourier
transform infrared spectrometer. A UV—vis fiber-optic spectro-
meter was incorporated into this FTIR spectrometer as shown in
Supporting Information Figure S1, allowing the simultaneous
measurement of FTIR and optical spectra of the same sample.
Moreover, a CW laser emitting at 475 nm provided background
illumination producing a photostationary state and allowing the
measurement of light minus dark difference spectra.
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The sample cell consisted of two CaF, windows (25 mm
diameter, 2 mm thickness) separated by an annular spacer
(6 um; Trespaphan, Hoechst). One microliter of 10 mM Tris at
pH 7 was placed at the center of one of the plates and a few
microliters of concentrated PYP at pH 7 was added. The
sandwich consisting of the two plates and the spacer was closed
quickly, and vacuum grease (Bayer silicone paste; Bayer AG) was
applied to the edge of the plates to prevent evaporation.

The sample and reference cells were mounted in a homemade
sample holder. The reference cell consisted of two empty CaF,
plates separated by a 19 um spacer. This was used to measure the
absolute FTIR and optical spectra. The sample and reference cell
were each placed between two rubber rings, fitted in the
corresponding grooves of the sample holder, and fixed by an
additional cover plate (with suitable holes in it) using screws.
Visual inspection showed that the yellow sample was distributed
homogeneously over the plates. The sample holder was posi-
tioned vertically using a supporting base and an additional plate
in such a way that the sample holder can be moved up and down
via a computer-controlled motor to place either the sample or the
reference cell in the IR beam. This supporting base can be rotated
around the vertical axis to tilt the sample cell (in this case 45° with
respect to the IR radiation) so that the other two beams (the laser
for the bleach and the measuring beam of the fiber-optic spectro-
meter) also cross at the same area of the sample; see Supporting
Information Figure S1. The laser beam at 475 nm (30 mW;
Roithner Lasertechnik, Austria; beam expanded with a lens) was
incident at an angle of about 90° to bleach the sample. The
absorption spectra were measured using fiber optics with a
UV—vis NIR light source (Mikropack, DT-Mini-2-GS) and a
CCD detector (avantes, Avaspec-2048). The measuring light of
the fiber-optic spectrometer was aligned at an angle of about 45°
with respect to the sample plate. The temperature of the sample
was controlled with a thermostat (Julabo Labortechnik GmbH,
Germany) and was measured at a position very close to the
sample cell.

Both absolute and light minus dark difference FTIR and
optical spectra were measured. Depending on the spectrum
measured, either the empty plates or the sample itself in the dark
state served as the reference.

RESULTS

Photocycles of the Yellow and Intermediate Spectral
Forms, Transient Absorbance. The photocycle of the yellow
form was measured at pH 7 with excitation at 460 nm. Transient
absorbance data were acquired at 18 wavelengths from 340 to
510 nm. Selected time traces at 6 diagnostic wavelengths are
shown in Figure 2A. To investigate the photocycle of the
intermediate spectral form, a similar data set was collected with
excitation at 355 nm. These data are presented in Figure 3A.
From a comparison of the two data sets, it is apparent that they
contain similar if not identical time constants. Therefore, both
data sets were subjected to a combined singular value decom-
position analysis in the time range from 100 ns to 10 s. The
number of significant singular values was four, suggesting
contributions from four species during the cycle. It will be shown
that these are the intermediates I,H, I,, I/, and the dark state of
the intermediate form P*. The unweighted basis vectors of the
time traces from the SVD analysis could be fitted with a sum of
four exponentials also indicating the same number of transitions.
The corresponding time constants 7; = 5 us, o = 65 us,
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FIGURE 2: (A) Transient absorption changes after excitation at
460 nm at 6 selected wavelengths (out of a total of 18 varying from
340 to 510 nm in steps of 10 nm). This data set and the corresponding
one with excitation at 355 nm (presented in Figure 3A) were subjected
to combined singular value decomposition, as described in the text.
The four vertical dashed lines indicate the time constants from a
global fit of the combined data sets with a sum of four exponentials.
The solid lines are the fits. Conditions: 50 mM KCI, 50 mM Tris,
pH 7,21 °C, path length 5 mm. Absorption at 457 and 385 nm of the
ground-state spectrum was 0.85 and 0.57 OD, respectively.
(B) Amplitude spectra calculated as described in the text. The four
amplitude spectra correspond to the time constants 7, = 5 us (red),
T, = 65us (green), 73 = 1.25ms(blue), and 74 = 1.1s(light blue). The
curve with black circles is the sum of all four amplitude spectra and
represents the initial bleach. The continuous curve (-P) is a scaled and
inverted ground-state spectrum to fit the initial bleach in the wave-
length range 4 440 nm. (C) Comparison of the 5 us amplitude
spectrum (black filled circles) from panel B (red filled circles, scaled
up by a factor of 2) with the difference absorption spectrum between
the yellow and intermediate spectral forms calculated as described in
the text (continuous curve). Also shown is the 6 us amplitude
spectrum (open circles) calculated from the global fit of the data of
Figure 3C. (D) Time trace of the transient absorption change at
350 nm with an LED as the measuring light. The solid line is a fit of
this curve with a sum of four exponentials. The four vertical dashed
lines indicate the time constants from this fit.
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FIGURE 3: (A) Transient absorption changes of the same sample used
in Figure 2A following excitation at 355 nm at 6 selected wavelengths.
Measurements were carried out at the same 18 wavelengths as in
Figure 2A. This data set and the 460 nm excitation data (Figure 2A)
were subjected to combined singular value decomposition. The
vertical dashed lines correspond to the time constants from the global
fit. The solid lines are the fits with a sum of four exponentials. (B) The
four amplitude spectra correspond to the time constants 7, = 5 us
(red), 7, = 65 us (green), 73 = 1.25 ms (blue), and 74, = 1.1 s (light
blue). The sum of the four amplitude spectra is the initial bleach and is
shown as the curve with black circles. (C) Differences between the
transient absorbance changes measured using the 460 and 355 nm
excitation at five selected wavelengths. The 355 nm excitation data set
is scaled up by a common factor of 1.9. A global fit of the traces at all
18 wavelengths with a single exponential results in a time constant
of 6 us, as indicated by the vertical dashed line. The solid lines are
the fits.

73 = 1.25ms, and 74 = 1.1 s of the fit are indicated by the dashed
vertical lines in Figures 2A and 3A. Also shown in these panels
are the fit curves to the time traces. The amplitudes from the
above fit and the weighted wavelength-dependent basis vectors
were used to calculate the corresponding amplitude spectra as
described (43, 46, 24). These amplitude spectra for excitation at
460 and 355 nm are presented in Figures 2B and 3B, respectively.
At the beginning of data acquisition (at 100 ns after the flash) in
Figure 2A, there is positive absorbance between 340 and
380 nm suggesting the presence of a species with protonated
chromophore. The trace at 510 nm has negligible amplitude
indicating the absence of a red-shifted I; intermediate on the time
scale investigated. The 5 us component in Figure 2A,B is of large
amplitude and corresponds to a transition from a species
absorbing around 380—390 nm to the 457 nm yellow form. We
suggest that this transition is due to the relaxation of the ground-
state equilibrium between the yellow and intermediate spectral
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forms after depletion of the yellow ground state by the excitation
flash at 460 nm. This would lead to an absorbance decrease in the
UV and an increase around 460 nm, as observed in the amplitude
spectrum for this component (Figure 2B). Further support for
this proposal is provided by the following observations. KCI
shifts the dark equilibrium between the yellow and intermediate
spectral forms in the direction of the intermediate form (36, 38).
The difference spectrum for the interconversion of these forms
was obtained by subtracting the UV—vis spectra at 3.0 and
0.02 M salt. As shown in Figure 2C, this difference spectrum fits
quite well with the scaled 5 us amplitude spectrum, in accordance
with our hypothesis. Additional evidence comes from experi-
ments with the kosmotrope (NH4)>SO4. At 3 M (NH,),SO,4 and
pH 7 the equilibrium is almost completely on the side of the
yellow form (36). In the absence of the intermediate spectral
form, no relaxation can occur when the yellow form is depleted
by flash excitation. Under these conditions, the 5 us transition
was absent in the photocycle time traces (data not shown), in
agreement with our hypothesis.

The next two transitions, at 65 us and 1.25 ms, are of small
amplitude and involve intermediates absorbing in the UV. The
amplitude spectrum indicates a blue shift for the 1.25 ms
component, which represents the formation of the I,’ intermedi-
ate. Since the traces for the UV wavelengths in Figure 2A are of
small amplitude and rather noisy, we present in Figure 2D data at
350 nm obtained with an intense LED emitting at 350 nm as the
measuring light source. This allows acquisition of data of higher
signal-to-noise ratio and shows more clearly the initial presence
of a UV-absorbing intermediate and the microsecond relaxation
followed by two transitions around 100 us and 3.3 ms. The initial
bleach of Figure 2B, the sum of the amplitude spectra, also shows
the presence of a species with protonated chromophore absorb-
ing in the UV at the beginning of data collection and moreover
confirms the absence of an I;-like photocycle intermediate with
deprotonated chromophore which would show up as a positive
difference absorbance near 500 nm (/3). The initial bleach thus
differs in a major way from that of wild type, which is
characterized by a red-shifted I; intermediate and the absence
of an intermediate absorbing in the UV (13). The I; intermediate
of wild type seems to be replaced by a UV-absorbing intermediate
in the mutant Y42F in the time range investigated.

The photocycle of the intermediate spectral form was mea-
sured at pH 7 with excitation at 355 nm with the same sample that
was used to collect the data of Figure 2 with 460 nm excitation.
Data were again taken at 18 wavelengths. The results at the same
6 wavelengths as in Figure 2A are shown in Figure 3A. The data
are noisier due to a lower fraction of cycling molecules in the
intermediate spectral form. Apart from the sign of the first
microsecond transition, the time traces are strikingly similar to
those of the yellow form in Figure 2A. The reversed sign of the
amplitude of the first component is in perfect agreement with our
tentative interpretation of this component as the relaxation of the
dark equilibrium. In this case, the intermediate spectral form is
depleted by the 355 nm flash, and the ground-state equilibrium
shifts from the yellow toward the intermediate spectral form.
Therefore, the absorbance should decrease around 460 nm and
increase near 380 nm as observed. Moreover, the relaxation time
should be the same whether the yellow or intermediate form is
depleted, since the relaxation rate is the sum of the forward and
backward rate constants. The equality of the microsecond times
and the sign reversal of its amplitude thus strongly support our
interpretation.

Joshi et al.

Amplitude spectra are shown in Figure 3B. The amplitude
spectrum for the 5 us component clearly shows that this is a
transition from the yellow ground state to the intermediate
spectral form. The 65 us and 1.25 ms components correspond
again to blue shifts indicating the formation of the I, and I,/
intermediates. The initial bleach shows, in addition to the
expected depletion at 390 nm, also depletion at 460 nm. This is
due to the fact that excitation at 355 nm also initiates the cycle
of the yellow form by absorption in one of its higher excited
states. The initial bleach shows that, around 100 ns, a UV-
absorbing species is present. This is less clear than in the
corresponding initial bleach spectrum of the yellow form due
to the large negative contribution from the depletion of the
intermediate spectral form. Again, there is no evidence for an
I; photocycle intermediate in the time window from 100 ns
to 10 s.

If our working hypothesis that the cycles of the two spectral
forms are the same apart from the sign of the relaxation
component is correct, subtracting the transient absorption data
with excitation at 460 and 355 nm should result in just the
microsecond component with no absorbance changes at later
times. The results of such a test are shown in Figure 3C. Due to
differences in extinction coefficient, quantum yield of cycling,
etc., the data set at 355 nm was scaled up by a common factor of
1.9 at all 18 wavelengths. Five of these time traces at selected
wavelengths are shown. Clearly, the absorbance change is zero
beyond 30 us as expected. A global fit at all wavelengths led to a
single exponential decay with a time constant of 6 us. The
amplitude spectrum of this transition is shown in Figure 2C
and fits well with the difference spectrum between the two
spectral forms.

The data strongly suggest that the two cycles are coupled. Not
only is there a rapid ground-state equilibrium between the two
forms, but the cycle of the intermediate spectral form seems to
merge with the yellow cycle well before our data acquisition starts
around 100 ns, probably shortly after excitation.

Kinetics of the Photocycle from Transient Fluorescence.
The results from transient absorption suggest the presence of
three photocycle intermediates with protonated chromophore.
The cycle of wild type has only two such intermediates, I,
(370 nm) and 1,’ (350 nm), in addition to the intermediate I,
with deprotonated chromophore absorbing at 460 nm. To clarify
the differences between these photocycle intermediates, we
carried out transient fluorescence measurements, since such
experiments are sensitive to the chromophore orientation (25).
In these experiments, the transient fluorescence of tryptophan
119, the only tryptophan of PYP, is monitored (25, 48). W119 is
located on the antiparallel S-sheet that separates the PAS core
from the N-terminal domain. The emission of W119 is quenched
by energy transfer to the p-hydroxycinnamoyl chromophore (48).
The rate of energy transfer is proportional to the product of the x”
factor, which depends on the orientations of donor and acceptor,
and the spectral overlap J between donor emission and acceptor
absorption spectra. In the course of the photocycle, both «* and J
change, leading to characteristic changes in the fluorescence
lifetime of W119 (25, 48). The «” values are calculated from the
X-ray structures of the intermediates. In transient fluorescence,
the steady-state fluorescence of W119 is time-resolved. In
Figure 4A, the transient absorbance at 350 nm is compared with
the transient fluorescence for wild-type PYP. In [; (460 nm), the
i* factor is little changed with respect to the initial state, but the
spectral overlap J is less than in the dark state (446 nm), leading
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FiGURE 4: Comparison between the normalized transient fluore-
scence changes AF/F of tryptophan W119 (dotted line) and the
transient absorption changes of the p-hydroxycinnamoyl chromo-
phore (solid line) at 350 nm for wild-type PYP (A) and the Y42F
mutant (B). Flash excitation at 460 nm. The time traces of panel A
were fitted simultaneously with a sum of three exponentials and those
of panel B with a sum of four exponentials. The solid and dashed lines
are the fit curves for the transient absorption and fluorescence,
respectively. The vertical dashed lines indicate the time constants of
the fits. Conditions for (A) and (B): 20 °C, 300 mM K Cl, 30 mM Tris,
pH 7, path length 3 mm.

to a small increase in fluorescence (25) indicated by the initial
positive AF/F of Figure 4A (dotted curve). In the I; (460 nm) to I,
(370 nm) transition, the spectral overlap J increases, but simul-
taneously «* decreases by a larger factor, leading to a substantial
increase in fluorescence (25), indicated by the 280 us transition in
Figure 4A. In the I, to I,’ (350 nm) transition (2.4 ms), the overlap
J barely changes, but there is a large decrease in fluorescence (25),
probably caused by an increase in x> or changes in the environ-
ment of W119. From the comparison between the time traces, it is
clear that the transient fluorescence is much more sensitive than
transient absorbance to transitions between the two similar UV-
absorbing intermediates due its dependence on «*. The vertical
lines in Figure 4A indicate the time constants of a simultaneous fit
to the two signals.

Figure 4B shows that the corresponding results for Y42F at the
same pH of 7 are very different. The initial fluorescence change is
now negative (dotted curve). This is not consistent with the
presence of a wild-type I,-like intermediate. In that case, the
initial fluorescence change should be large and positive. The
negative initial fluorescence change is however consistent with an
intermediate with a protonated chromophore that has the
chromophore «* factor (orientation) of I; and the spectral overlap
J of 1,. Such an intermediate will be tentatively called I;H
(protonated I;). From Figure 4B, we note that AF/F becomes
large and positive with two exponential rise times of 17 and 56 us.
The time, sign, and magnitude of this change are consistent with
the transition from I;H to I, since J would remain about the
same whereas «” decreases strongly. In the same time range, the
ground-state relaxation from the intermediate spectral form (390
nm) to the yellow form (457 nm) may also contribute. In this
transition, J decreases and «” is presumably not altered signifi-
cantly (no isomerization). Consequently, AF/F would also be
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positive for this transition. In view of the good common global fit
(the fit curves are superimposed on the data) of the transient
absorption and fluorescence signals, we interpret the positive
phase in the transient fluorescence as a superposition of the P*°
to P**7 relaxation and the I,H to I, transitions. The next negative
change with time constant of 2.8 ms is similar to the wild-
type transition at 2.4 ms and clearly due to the I, to I, transition.
The final transition is the recovery with a time constant of 1.8 s.
The main new insight from transient fluorescence is thus that the
initial UV-absorbing intermediate with protonated chromophore
does not have the chromophore orientation of a wild-type I,
state but is consistent with an I;-like orientation. This means that
after isomerization and formation of the I; intermediate with
deprotonated chromophore and two hydrogen bonds to E46 and
T50, I; becomes protonated (presumably from E46) before the
start of our data acquisition ( < 50 ns), keeping the two hydrogen
bonds and chromophore orientation. Figure 10 provides a
scheme of the photocycle kinetics based on all of the kinetic data.

Kinetics of Proton Uptake|Release and Dye Binding.
Transient absorption experiments were performed in the presence
of the pH indicator dye BCP to learn about the kinetics of proton
uptake and release as well as on transient dye binding. Measure-
ments of the transient pH changes allow us to distinguish whether
protonation changes are due to proton uptake from the aqueous
bulk phase or due to intramolecular proton transfer. In wild type
and a number of mutants, proton uptake is strictly coupled to the
protonation of the chromophore in the formation of the I,
intermediate (23). Transient dye binding, on the other hand, is
coupled to the formation of the subsequent I," intermediate in
which the protein partially unfolds, exposing a hydrophobic
surface patch (74, 23). The results of the transient pH indicator
experiments are shown in Figure 5, at pH 7, close to the pK, of the
dye (6.3). Panels A and B of Figure 5 show the dye signal in the
absence and presence of buffer, respectively, at four wavelengths
near the absorption maximum of the deprotonated form of the
dye (590 nm). Similar data were recorded at 9 wavelengths from
550 to 630 nm. The data of Figure 5B, in the presence of excess
buffer, represent the kinetics of transient dye binding. They show
that the dye absorption spectrum is transiently red-shifted with
time constants of 230 us and 1.9 ms. These time constants were
obtained from a global fit of the time traces at the 9 wavelengths.
The two amplitudes are about equal. In wild type, transient dye
binding is associated with the formation of I’ but occurs with a
single time constant of about 2 ms (23). In the photocycle data for
Y42F only a 1.25 ms component but no 230 us component was
detected. The dye binding data suggest however that the I, to I,/
transition in Y42F is biphasic. This may be difficult to detect by
transient absorption measurements due to the great similarity of
the spectra of the I, intermediates. The signal recovers in 1 s,
which is the cycle recovery time.

Subtracting the data in the presence of buffer from those in its
absence, we obtain the pure protonation signal shown in
Figure 5C. There is no bulk proton concentration change until
the uptake signal at 230 us. Calibration of the signal leads to a
proton uptake stoichiometry of 1.03. The 1.9 ms transition
corresponding to the formation of I, is very weak as expected,
and proton release occurs with the recovery of the cycle. There
was no proton uptake at all in the 65 us region that would
correspond to formation of I,.

The bulk protonation changes provide valuable information
complementary to the photocycle data. Since the initial signal at
100 ns is zero, no external proton is taken up in the formation of
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FIGURE 5: Transient absorbance changes after excitation at 470 nm
of a Y42F solution in the presence of the pH indicator dye BCP.
Measurements were performed at 9 wavelengths from 550 to 630 nm:
(A) unbuffered; (B) buffered. For clarity, only the time traces at the
four indicated wavelengths are plotted. (C) Protonation signal,
acquired as the difference between the signals from (A) and (B).
The dashed vertical lines represent the time constants of the global fit
of the time traces at all 9 wavelengths in the time range of 5 us to 10 s.
Fit curves are indicated by the solid lines. Conditions for (A): pH 7.1,
20 °C, path length 5 mm, 20 mM KCI, 44 uM BCP, ground-state
absorption of PYP (without dye) at 457 and 390 nm was 1 and
0.65 OD, respectively. Conditions for (B): 30 mM Tris was added as
buffer.

the early UV-absorbing intermediate I, H with protonated chro-
mophore that is already present in the initial bleach (Figure 2B).
Therefore, chromophore protonation in this intermediate must
occur intramolecularly from an internal donor. Since three UV-
absorbing intermediates, all with protonated chromophores, are
present during the entire cycle, the proton that is taken up around
230 us is not taken up by the chromophore but by some other
proton acceptor group which may change its pK, during the
photocycle such as glutamate 46. Since no bulk proton concen-
tration change is associated with the 5 us relaxation time, we
conclude that this transition between the yellow and intermediate
spectral forms, which also involves a protonation change of the
chromophore, must involve intramolecular proton transfer pre-
sumably via the hydrogen bond with Glu46. The presence of a
strong dye binding signal suggests that a normal I’ intermediate
is formed in which a major conformational change has occurred.
The proposed proton uptake and release steps are indicated in the
scheme of Figure 10.

Photoreversal Kinetics with a Second Flash at 355 nm. As
a consequence of the complexities of the photocycle with two
dark species and three UV-absorbing intermediates, it was not
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FIGURE 6: (A) Absorbance changes at 460 nm after single (460 or
355nm) or double flash excitation (460 nm followed by 355 nm after a
200 us delay). The double flash traces labeled DFTB and DFTV are
triggered on the first flash (460 nm) and on the second flash (355 nm),
respectively. Single flash signals with either blue (B, 460 nm) or violet
(V, 355 nm) excitation and triggered on the first (BFTB) or second
flash (BFTV, VFTV) are displayed as well. These are required to
construct the photoreversal signal (PR) according to the method
described in the text, with /i = 0.8 and /5 = 0.64. (B) The photo-
reversal signals were measured at 460 nm at 21 delays ranging from
1.6 us to 5.01 s, and the noise level was reduced using SVD as
described in the text. For clarity, only the data at the indicated delays
are shown. The solid lines represent a three-exponential global fit to
all of the data with t; = 10 us, 7, = 30 us, and 73 = 280 us marked by
the dashed vertical lines. (C) Dependence of the photoreversal
amplitudes A4, 45, and 43 on the delay. 4; (red), 4, (green), and
Aj (blue) are the amplitudes of the 10, 30, and 280 us components,
respectively, obtained from the global fit of the delay data of panel B.
The dashed vertical lines at 40 us, 200 us, 1.9 ms, and 1.1 s indicate the
values of the time constants for a global fit with four exponentials.
The PR signals were measured with the same sample and under the
same conditions as mentioned in Figure 2A.

possible to calculate the time courses of the intermediate popula-
tions for the Y42F mutant from the transient absorbance data
and the intermediate spectra as we did for wild type (13, 24). We
therefore investigated the photoreversal kinetics, since this pro-
vides an alternative way to determine the time courses of the I} H,
I,, and I, intermediates (45). In such experiments, the initial flash
at 460 nm is followed after a defined time delay by a second flash
at 355 nm which converts the UV-absorbing intermediates
present at that time back to the dark state. The calculation of
the photoreversal time traces from the double flash data is
described in detail in ref 45. Here, we will be very brief. The time
traces at 460 nm are shown in Figure 6A. The trace labeled BFTB
represents the response to a single blue flash at 460 nm, triggered
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at that flash. DFTB is the double flash signal, i.e., the response to
an initial blue flash followed after 200 us by a violet flash at
355 nm, triggered on the first flash. The negative spike at 200 us is
due to the photoreversal. DFTV is the same signal, but now
triggered on the second, violet flash. In this way the effect of the
second, photoreversal flash is time-resolved. This signal has to be
corrected for the fact that the second flash also excites molecules
in the yellow and intermediate spectral forms that were not
excited by the first flash. This effect is expressed by the time trace
VFTYV, the response to a single violet flash at 355 nm. This
correction is larger in Y42F than in wild type, due to the presence
of the intermediate spectral form which absorbs strongly in the
UV. The VFTV trace clearly contains a component with a time
constant of a few microseconds due to the relaxation between
the two dark ground states (see also Figure 3A). To obtain the
photoreversal signal (PR), the DFTV trace also has to be
corrected for the contribution from those molecules that are
not photoreversed by the second flash and continue along the
cycle (BFTV). The weights of these two corrections, f; and f,
were determined as described (45). The purple trace (PR) is the
final photoreversal signal after these corrections. Similar experi-
ments were carried out at 21 delays from 1.6 us to 5 s. These data
were subjected to SVD analysis. There are three significant
singular value components, which correspond to the photore-
versals from the three intermediates I,;H, I», and 15’ to the dark
equilibrium (see below). The data were reconstructed using the
first three singular values, leading to a reduction of the noise.
Four of these traces for delays ranging from 1.6 us to 20 ms are
shown in Figure 6B. It is clear that the traces depend strongly on
the delay and contain several time constants. A global fit of all 21
time traces to a sum of three exponentials led to a good fit with
time constants 7, = 10 us, 7, = 30 us, and 73 = 280 us. A fit with
two exponentials was unsatisfactory. The dependencies of the
corresponding amplitudes 4, 4,, and 43 on the delay are plotted
in Figure 6C. For wild type, the photoreversal times of I, and I,/
are 60 and 380 us (45). Itis thus plausible that the reversal times of
30 and 280 us are the corresponding times for the mutant Y42F.
The 10 us reversal time is then probably due to the I}H
intermediate. Since this time coincides with the relaxation time
of the dark equilibrium, it is most likely an apparent time
constant. After photoreversal from I;H the dark equilibrium
has to be reestablished. The actual photoreversal time from I;H
could thus be faster than 10 us. With this assignment, the
associated amplitudes A, 4>, and Az describe the time courses
of the populations of the I;}H, I», and I, intermediates, respec-
tively. The delay dependence of the three amplitudes shown in
Figure 6C was fitted with a sum of four exponentials. The time
constants of 40 us, 200 us, 1.9 ms, and 1.1 s are indicated by the
dashed vertical lines. The times of 40 us and 1.9 ms are in
reasonable agreement with the photocycle times of 65 us and
1.25 ms corresponding to the I;H to I and I, to I’ transitions.
The data show that I;H decays to both I, and I,’. The time
courses of the I, and I, intermediates indicate that, as in wild
type, these intermediates are in equilibrium and decay together.
The 200 us time is similar to the 230 us observed in the proton
uptake and dye binding kinetics. The time courses of I, and I, in
Figure 6C support the idea derived from the dye binding
experiments that their interconversion is biphasic. The photo-
reversal steps and the I,/I; equilibrium are indicated in the
scheme of Figure 10.

Combined Kinetics. The time constants obtained from the
various kinetic methods differ somewhat. This is in part due to
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FIGURE 7: A global fit of eight representative photocycle time traces
acquired with various experimental methods. These curves are picked
from the previous figures. Some of the curves are scaled so that all
signals are of comparable weight in the global fit. (A) Color code:
black, transient fluorescence changes (from Figure 4B); red, proton
signal measured at 590 nm (from Figure 5C); green, dye binding
signal measured at 610 nm (from Figure 5B); blue, transient absor-
bance changes at 460 nm (from Figure 2A). (B) Black, red, and green
filled circles: delay dependence of the photoreversal amplitudes of the
10, 30, and 280 us photoreversal components, respectively (from
Figure 6C). The blue curve represents the transient absorbance
changes at 350 nm (from Figure 4B). The vertical dashed lines
indicate the time constants for a global fit of all eight curves with a
sum of five exponentials. The amplitudes and the time constants of
the recovery transition were not fitted globally since these traces were
measured under slightly different sample conditions, which mainly
affect this transition. The solid lines are the fits.

the fact that the experimental conditions, such as pH, salt
concentration, buffer, and temperature, which affect the kinetics,
were not exactly the same (different samples). The four methods
have moreover different sensitivities for the same transition.
Transient absorbance is for example very insensitive to the
kinetics from I, and I’ since these intermediates have very similar
absorption spectra, whereas transient fluorescence has a large
difference signal for this transition. In all, we detected five time
constants. The 5—10 us dark relaxation, the 50—100 us transition
between I1H and I,, the mysterious 230 us proton uptake time,
the 1—2 ms formation of I/, and the recovery time of 1-2's. We
tested whether a joint global fit to selected time traces from all
four methods was possible. For this purpose we selected eight
time traces shown in Figure 7. The four time traces in Figure 7A
are the transient absorbance at 460 nm (blue), the transient
fluorescence (black), the dye binding (green), and the proton
uptake (red). The four time traces in Figure 7B are the high
signal-to-noise transient absorbance at 350 nm obtained using an
LED and the delay time dependence of the three photoreversal
components. Since the recovery time is most sensitive to the
experimental conditions, this time constant was left open but kept
in the 1—2 s range. This recovery time is of little interest for this
study. A good joint fit of all eight traces was possible as shown by
the curve fits in Figure 7. The four common time constants
obtained, 8 us, 50 us, 230 us, and 2 ms, are in the range obtained
with the individual methods and are indicated by the dashed
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vertical lines in Figure 7. These representative times are presented
in the photocycle scheme of Figure 10.

Fourier Transform Infrared (FTIR) Spectroscopy. To
measure the state of protonation of chromophore and Glu46, we
used FTIR spectroscopy. FTIR light minus dark spectra were
acquired using the apparatus shown in Supporting Information
Figure S1 with background illumination at 475 nm. This setup
allowed the simultaneous recording of the FTIR and UV—vis
spectra of the sample. In this way, it was possible to monitor the
intermediate/yellow dark equilibrium in the FTIR sample, to
control the degree of bleaching by the background illumination,
and to measure the UV—vis spectrum in the photostationary
state. The latter was quite valuable to monitor the equilibrium
between the two UV-absorbing intermediates I, and 1.

In Figure §, the FTIR and UV—vis spectra of Y42F are
compared with those of wild type at pH 7. Figure 8A shows
the dark spectra, normalized at 280 nm (this is not quite exact
since one out of five tyrosine residues is replaced by
phenyalanine). The dotted and dashed lines are the spectral
contributions of the intermediate and yellow spectral forms,
respectively. These spectra were obtained by varying the KCl
concentration from 0.5 to 4.5 M. A clean isosbestic point was
obtained, suggesting a two-state equilibrium and allowing the
calculation of the two spectra. We found that actually A, ~
387 nm for the intermediate spectral form, but we call this species
P** to conform with current nomenclature. The fractions of
Y42F in the yellow and intermediate spectral forms are approxi-
mately 0.5 under these conditions. Figure 8B shows the UV—vis
spectra of the FTIR samples under continuous illumination at
475 nm. The negative absorbance anomaly at 475 nm is an
artifact due to the CW laser. The Y42F and wild-type samples are
bleached to a similar extent (Figure 8C). The band with a
maximum around 360 nm is due to the equilibrium between
the I, and I, intermediates. It is clear from the light minus dark
difference spectrum for Y42F shown in Figure 8C that both the
yellow and intermediate spectral forms of Y42F are bleached, in
accordance with the postulated rapid relaxation between the dark
states. Excitation at 475 nm, a wavelength at which the inter-
mediate spectral form does not absorb, depletes the yellow form,
thereby perturbing the dark equilibrium. As more and more of
the yellow form is bleached, the intermediate spectral form
converts into the yellow form to reestablish the equilibrium.

The corresponding light minus dark FTIR difference spectra
of wild type and Y42F are shown in Figure 8D. They are
normalized by the same factor as the UV—vis spectra. The
negative bands are due to the disappearing dark state, in the
case of Y42F both the yellow and intermediate spectral forms.
The positive bands arise from the mixture of photocycle inter-
mediates in the photostationary state. From Figure 8B, we know
that this consists mainly of I,, the slowest intermediate of the
cycle, that accumulates under steady-state illumination. The
negative bands at 1058/1041 cm™' and the positive bands at
1005 cm ™" are marker bands for the frans and cis forms of the
chromophore, respectively (49). Clearly, chromophore isomer-
ization occurs in Y42F to about the same extent as in wild type.
This is consistent with the similar extent of bleach in the UV—vis
spectra. Both forms of Y42F contribute. The bands at 1163, 1303,
and 1480 cm ™" are marker bands for the deprotonated form of
the chromophore (49, 50). These marker bands are markedly
reduced in intensity in Y42F with respect to wild type. We
interpret this by postulating that the fraction of the dark state
that is in the intermediate spectral form has a protonated
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FiGure 8: Comparison between UV—vis and FTIR spectra of WT
and Y42F at pH 7 in the dark and with background illumination.
Each set of spectra was measured with the same sample. (A) UV—vis
dark absorption spectra. The spectra of the yellow and intermediate
spectral forms are indicated by the dashed and dotted lines, respec-
tively. (B) UV —vis absorption spectra under continuous background
illumination at 475 nm. (C) Light minus dark UV—vis absorption
spectra. (D) FTIR light minus dark difference spectra: red curves,
WT; black curves, Y42F. The UV—vis spectra were normalized at
~280 nm. The same scaling factor was used for the scaling of the
FTIR spectra. The wavenumber range 1700—1780 cm ™' is enlarged
in the inset. The wavenumbers of the major peaks are indicated for
both proteins. Conditions: WT, 20 °C, 6 um path length, pH 7,
100 mM KCl, 10 mM Tris (1 L of 500 mM KCI was placed at the
center of one of the plates and 1 uL of 50 mM Tris and 3 uL of WT
each at pH 7 were added); Y42F, 20 °C, 6 um path length, pH 7, no
additional KCI, 10 mM Tris (1 uL of 50 mM Tris at pH 7 is placed at
the center of one of the plates; 4 uL of Y42F is then added to the Tris).

chromophore and thus does not contribute to these bands. The
reduction in intensity with respect to wild type is roughly in
agreement with the fraction in the intermediate spectral form
deduced from the UV—vis absorption spectrum. The bands at
1645 and 1624 cm ™" are due to the amide I band of the protein
backbone and are evidence for the global structural change in the
transition to the I,’ intermediate. The similarity in the amide I
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and II region shows that, in Y42F, a wild-type-like I, inter-
mediate is formed.

Of greatest interest are the negative bands at 1736 cm ™" (wild
type) and 1724 cm™' (Y42F). These bands are due to the carbonyl
stretch vibration of the protonated carboxyl group of E46
(19, 20). In D,0, the 1724 cm™" band shifts to 1714 cm ™" (data
not shown). This spectral region is shown enlarged in the inset of
Figure 8D. The lowering of this frequency in Y42F means that
the hydrogen bond between E46 and the deprotonated chromo-
phore is stronger in the yellow form of Y42F than in wild type. Its
lower intensity in the mutant may be interpreted as follows. In the
yellow form, E46 is protonated and the chromophore deproto-
nated. Our working hypothesis is that in the intermediate spectral
form E46 is deprotonated and the chromophore protonated. The
latter is supported by resonance Raman measurements of the
intermediate spectral form (39). The fraction of Y42F in the
intermediate spectral form will thus not contribute to the
intensity of the 1724 cm™' band, leading to its lower intensity
compared to wild type. The positive band at 1759 cm™" is most
likely also due to E46. It suggests that, in the I, intermediate of
Y42F, E46 is protonated. The frequency value of 1759 cm™" is
consistent with a protonated E46 without a hydrogen bond (57).
The fact that the intensities of the marker bands for the
deprotonated chromophore (1163, 1480, 1303 cm™") and the
marker band for the protonated E46 are both markedly reduced
to approximately the same extent compared to wild type argues
strongly in favor of a protonated chromophore and a deproto-
nated E46 in the intermediate spectral form. The intensities may
be normalized at the 1058/1041 cm ™" frans marker bands, since
the chromophores of both the yellow and intermediate spectral
forms isomerize upon excitation by the 475 nm background light.
The FT Raman spectrum of Y42F already showed that the ratio
of the intensities at 1163 cm ™' (deprotonated chromophore) and
1058/1041 cm™" (trans chromophore, which measures the extent
of isomerization) was smaller in Y42F than in wild type (36).

These results about the protonation states of E46 and the
chromophore are supported by experiments in which the equi-
librium was gradually shifted. This can be accomplished by
changing the concentrations of chaotropes or kosmotropes or
by temperature change (36, 38). Experiments with the chaotrope
KCl and the kosmotrope (NH4),SO4 which shift the equilibrium
in the direction of the intermediate spectral form and the yellow
form, respectively showed that the frequency of the 1724 cm ™
band was unaffected (data not shown). The strength of the
hydrogen bond thus does not depend on the position of the
equilibrium. Raising the temperature shifts the equilibrium in the
direction of the intermediate spectral form (38). From the
observation of an isosbestic point, it was concluded that this is
a two-state equilibrium up to 40 °C (38). The apparent wave-
length maximum of the intermediate spectral form shifts to lower
wavelengths as the temperature is raised, since the amplitude of
the yellow form decreases. Beyond 40 °C a third species absorb-
ing around 350 nm appears, and the isosbestic point is lost (38). A
combined UV—vis/FTIR experiment was performed for tem-
peratures ranging from 2 to 41.4 °C. Figure 9A shows how the
equilibrium shifts toward the intermediate form with increasing
temperature. Figure 9B shows that the sample was almost
completely bleached by the 475 nm background illumination.
The light minus dark FTIR spectra of Figure 9C indicate that the
intensities of the 1480 and 1165 cm™' marker bands for the
deprotonated chromophore decrease significantly with increas-
ing temperature, i.e., with increasing amount of the intermediate

Biochemistry, Vol. 48, No. 42, 2009 9989

o 0.15¢ 2°C 1
8 11.2°C A
- 20.6°C
o 0.10} 30°C J
S 37.7°C
2 41.4°C
3 0.05¢ 1
Q
<

0.00 ! ! ! !

250 300 350 400 450 500

0.12
a
e
g 0.08 R 1
§ 11.2°C
Qo 20.6°C
5 0.04} 30°C 1
Q 37.7°C
< 41.4°C

0.00

250 300 350 400 450 500
Wavelength (nm)

0.01+

0.00

AA(OD)

o
o)
2|
N
/

<
N
~
—

-0.01 L '
1800 1600 1400 1200 1000

Wavenumber, v (cm™)

FIGURE 9: Temperature dependence of optical and FTIR spectra of
Y42F. (A) Dark and (B) light (475 nm background illumination)
optical spectra and (C) light minus dark FTIR spectra. Color code for
temperatures: black, 2 °C; red, 11.2 °C; green, 20.6 °C; blue, 30 °C;
light blue, 37.7 °C; pink, 41.4 °C. The wavenumber range 1700—1780
cm™!isenlarged in the inset of panel C. Conditions: 6 um path length,
pH 7, no additional KCl, 65 mM Tris (3 4L of Y42F stock solution
(suspended in 64 mM Tris at pH 7) was placed in the center of the one
of the plates, 1 uL of 200 mM Tris at pH 7 was added, and the plates
were closed immediately).

spectral form. The inset shows the temperature dependence in the
1700—1800 cm ™" range. The frequency of the 1724 cm™' band
position is unaffected but its intensity decreases with increasing
temperature. The concomitant decrease of the 1724 and 1165/
1480 cm ™" marker bands when the equilibrium is shifted toward
the intermediate spectral form and less of the yellow form
remains is a further argument that, in the intermediate spectral
form, E46is deprotonated and the chromophore protonated. The
protonation states of E46 and the chromophore derived from
FTIR are indicated in the photocycle scheme of Figure 10.

DISCUSSION

We characterized the mutant Y42F with the goal of under-
standing the nature of the intermediate spectral form and the role
of the hydrogen bonds of the chromophore with Y42 and E46. In
the yellow form of this mutant, the very short hydrogen bond
between the chromophore and Y42 observed in wild type is
replaced by a longer and weaker one with T50 (36). This
strengthens the adjacent hydrogen bond with E46, which was
already unusually strong in wild type and which becomes shorter
by 0.07 A (36). These two hydrogen bonds share the oxyanion of
the chromophore as the common acceptor. The proton affinity of
the chromophore in the second hydrogen bond, with E46, is thus
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FiGuRre 10: Proposed model for the photocycle of PYP mutant Y42F
at neutral pH. The yellow (P**’) and intermediate forms (P**°) are in
equilibrium in the dark, interconverting with a time constant of 8 us.
It is proposed that the two forms share a common photocycle by
excited state proton transfer. After photoisomerization and forma-
tion of I, the I H intermediate is formed within 100 ns, which in turn
decays to I, in 50 us. The I,/I,’ equilibrium is formed with a time
constant of 2 ms. A proton is taken up from the solvent with a time
constant of 230 us. Finally, the dark equilibrium recovers from the I,/
I, equilibrium during the 1—2 s transition with the release of a
proton. These time constants are taken from the joint fit of the
representative data of Figure 7. The values of the absorbance maxima
are indicated in parentheses. For each intermediate, the proposed
hydrogen bonding and protonation states of the chromophore and
E46 are indicated. The photoreversal time constants of the I;H, I,
and I, intermediates are 10, 30, and 280 us, respectively. The
chromophore configuration of these intermediates changes from cis
to trans immediately after the second flash.

increased in Y42F. The coupling between the two hydrogen
bonds is caused by the electrostatic interaction between the
charge distributions in these bifurcated hydrogen bonds which
are linked via the common acceptor. In wild type the hydrogen
bond with E46 is very short. Neutron diffraction experiments in
wild type showed that the proton in this hydrogen bond is
approximately in the middle between donor and acceptor and
is shared by the two oxygens (27). Itis one of the best documented
examples of a low-barrier hydrogen bond (LBHB) in pro-
teins (27). The presence of the E46 carboxylic acid group and
presumably this hydrogen bond are essential for the occurrence
of the intermediate spectral form (38).

Our observation of a decrease in the frequency of the carbonyl
stretching frequency of the protonated carboxyl group of E46
from 1736 cm™" in wild type to 1724 cm ™" in the yellow form of
Y42F is direct evidence that the E46—chromophore hydrogen
bond is stronger in this mutant. When the oxygens of the donor
and acceptor move closer together, the barrier for proton transfer
is lowered and the probability of proton transfer increased. We
therefore believe that the key to understanding the intermediate
spectral form and its properties is the protonation equilibrium
between the carboxylic acid group of E46 and p-hydroxycinna-
moyl chromophore indicated in the scheme of Figure 10.
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Resonance Raman experiments suggested that the chromophore
is protonated in the intermediate form (39) but provided no
information on the protonation state of E46. Our FTIR results
not only support a protonated chromophore but also provide
strong evidence for a deprotonated E46 in the intermediate
spectral form. These conclusions were derived from a comparison
of the relative intensities of the marker bands for E46 protonation
and chromophore deprotonation in wild type and Y42F as well
as from the changes in these intensities when the equilibrium is
shifted toward the intermediate spectral form.

The protons in the two bifurcated hydrogen bonds repel each
other. Replacing the strong hydrogen bond with Y42 by the
weaker one with T50 would lead to reduced Coulomb repulsion,
allowing the proton in the neighboring hydrogen bond with E46
to move closer to the chromophore oxygen. The mutation alters
the interaction between the two hydrogen bonds, strengthening
the hydrogen bond with E46, lowering the barrier for proton
transfer in that hydrogen bond, facilitating proton transfer, and
shifting the protonation equilibrium to the side of the chromo-
phore.

In recent 'H NMR experiments, the chemical shifts of the
protons in the two hydrogen bonds of the chromophore with E46
and Y42 were assigned (30). From observations of the effect of
replacing H by D on the chemical shifts it was concluded that
these two hydrogen bonds interact in an anticooperative way: if
one gets stronger, the other gets weaker. The conclusion of
coupling between the two hydrogen bonds from NMR is in
agreement with the interpretation of our observations. More-
over, in the Y42F mutant, the chemical shift assigned to the
proton in the hydrogen bond to E46 was even further downfield
than in wild type (30), suggesting migration of the proton in the
E46—chromophore hydrogen bond toward the chromophore
oxygen, in agreement with our FTIR result on the frequency
shift of the E46 carbonyl vibration.

From our photocycle measurements we concluded that the
protonation equilibrium between the two dark states of Y42F
relaxes rapidly with a time constant of about 5 us. This relaxation
time is independent of whether the yellow or intermediate spectral
form is depleted, and its amplitude spectrum agrees with the
difference spectrum between the yellow and intermediate spectral
forms. These observations provide strong evidence for our
interpretation of the 5 us transition. Since the equilibrium is
temperature dependent, a temperature jump experiment with
nanosecond perturbation of the equilibrium, e.g., by IR heating
of the water, and detection of the transient absorption would
provide direct proof for our contention. However, there is no
need for this, since a number of additional experiments support
our hypothesis. In the presence of the kosmotrope (NH4),SO4,
which shifts the equilibrium almost completely to the yellow
form, the microsecond component was absent (data not shown).
Excitation at 475 nm, where the intermediate form does not
significantly absorb, leads to bleaching of the intermediate
spectral form, as a consequence of the rapid dark state equilib-
rium (Figure 8C). We note that similar relaxation kinetics
between two dark spectral forms absorbing in the UV and
around 450 nm was observed previously with the mutants
E46Q and E46A at pH values close to the pK, for chromophore
protonation in the dark (33).

For the relaxation time of the dark equilibrium between the
two forms we obtained a value of 5 us. The corresponding rate is
the sum of the rate constants for the forward and backward
reactions. Is this value reasonable for proton transfer via a
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hydrogen bond in a low dielectric protein matrix? Another
question is whether the assumed model of proton transfer in a
double-well potential is oversimplified. The second minimum
with the proton near the chromophore oxygen may only be
generated by some structural change in the chromophore envi-
ronment. In the double mutant Y42F/T50V, the chromophore
has only one hydrogen bond with Glu46, and the equilibrium at
neutral pH is almost entirely on the side of the intermediate
spectral form (38). The transient breaking of the T50—
chromophore hydrogen bond may thus provide a mechanism
for proton transfer from Glu46 to the chromophore and forma-
tion of the intermediate spectral form. This idea is supported by
quantum chemical calculations which show that the pK, of the
chromophore increases by removal of the hydrogen bond
between the chromophore and Y42 (39). Breaking of the hydro-
gen bond with T50 will likewise stabilize the protonated chro-
mophore. We do not know whether the hydrogen bond with T50
is absent in the intermediate spectral form since its structure has
not been determined.

Both forms are photoactive and have virtually identical
photocycles apart from the signs of the relaxation components.
The latter have amplitudes of opposite sign in accordance with
the equilibrium model. The virtual identity of the two photocycles
suggests that they are strongly coupled. One plausible mechanism
for this coupling is excited state proton transfer (ESPT). Exciting
the P** intermediate spectral form leads to deprotonation of the
chromophore in the excited state and proton transfer presumably
to the acceptor E46. Thereafter, the cycle is the same as for the
P*7 yellow form which has a deprotonated chromophore to
begin with. The photocycle scheme of Figure 10 depicts the dark
equilibrium and the coupling of the two cycles. Such a mechanism
is also consistent with the fluorescence excitation spectrum of
Y42F (36). The chromophore emission originates from the
excited state of P**", but the excitation spectrum is proportional
to the absorption spectrum and includes the contribution from
P** as a shoulder (36).

The green fluorescent protein (GFP) is the best known
example for the operation of such a mechanism (52, 53). The
analogies between the Y42F mutant of PYP and the green
fluorescent protein are remarkable. The p-hydroxybenzylidenei-
midazolinone chromophore of GFP is formed through the
cyclization and oxidation of the three amino acids Ser65-
Tyr66-Gly67. In wild-type GFP, the chromophore is in an
equilibrium between a neutral form A absorbing at 395 nm in
which the chromophore hydroxyl group is protonated and an
anionic form B absorbing at 475 nm in which the hydroxyl group
is deprotonated. The A and B species correspond to the inter-
mediate spectral and yellow forms of the p-hydroxycinnamoyl
chromophore of Y42F, respectively. In both proteins, the
hydroxyl group is part of a hydrogen-bonded network inside
the protein, and the fluorescence originates from the species with
deprotonated chromophore. It was shown for GFP that excita-
tion of the A form leads in several picoseconds to formation of an
anionic species in the excited state by deprotonation of the
chromophore and concomitant protonation of the carboxylate
group of E222 (53). We suggested, from the observation that the
photocycles of the yellow and intermediate spectral forms of
Y42F are virtually identical, that ESPT occurs from the proto-
nated chromophore to E46 upon excitation of the intermediate
spectral form. ESPT also provides a straightforward explanation
for the observed excitation spectrum of the Y42F chromophore
fluorescence (36).
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The common photocycle, here investigated from 50 ns to
seconds, does not have a red-shifted I, intermediate in this time
range as is the case for wild type. From picosecond spectroscopy,
it is known, however (40), that an early I, intermediate is formed
in 30 ps, i.c., much faster than in wild type (30 ns). The first
intermediate we can observe absorbs in the UV and already has a
protonated chromophore. We called this intermediate I, H since it
has a chromophore structure (orientation) like I but an absorp-
tion spectrum like I»: hence protonated I. To reach this conclu-
sion, we used transient fluorescence which is sensitive to both the
spectrum and chromophore orientation of an intermediate (25).

An early blue-shifted intermediate called PYP-BL was ob-
served in wild type by low-temperature spectroscopy (55). We
believe that PYP-BL is unrelated to I, H for the following reasons.
PYP-BL occurs between Iy and I;, whereas I;H follows I;. I}H
has its wavelength maximum at about 370 nm, whereas PYP-BL
absorbs maximally at about 400 nm. PYP-BL occurs exclusively
at low temperature as a trapped state in a branched photocycle
and was never observed in time-resolved experiments at room
temperature, whereas I;H is observed at room temperature in an
unbranched cycle.

I}H decays to an I,-like intermediate in about 50 us. The
presumed signaling state I’ is formed in a biphasic manner with
time constants of 230 us and 2 ms. From photoreversal kinetics,
the time courses of I, and I’ were determined, showing that these
intermediates are in equilibrium from 1 ms onward as in wild
type. Dye binding and FTIR experiments indicate that the I’
state in Y42F is similar to that in wild type with a major
conformational change.

Proton uptake, as measured with the pH indicator dye
bromocresol purple (BCP), occurs with a rise time of 230 us.
From the absence of additional proton uptake processes, two
conclusions can be drawn. First, the chromophore protonation
change during the 5 us yellow/intermediate relaxation is an
intramolecular process, in agreement with our hypothesis that
this rapid proton transfer occurs via the hydrogen bond with E46.
Second, since the proton uptake signal is zero at the beginning of
data acquisition, when the I;}H intermediate with protonated
chromophore has already formed, we can conclude that the
protonation of the chromophore occurring in the formation of
[;H is also an intramolecular event. The most likely candidate for
the proton donor is E46. We note that the response time of the
dye is in the range of a few microseconds (23). Earlier bulk
protonation changes would then be detected with a delay. No
such signals were observed, however. The proton taken up with
the 230 us time constant cannot be accepted by the chromophore
since both I, and I, have protonated chromophores. One
potential acceptor candidate is E46, since the FTIR signal shows
a positive band at 1759 cm ™. In time-resolved FTIR experiments
with wild-type PYP a similar positive band was observed at 1759
em™ at 450 us after the flash, which was assigned to the
protonated form of E46 (19). In light minus dark FTIR difference
spectra with background illumination a similar positive band was
observed at 1747 cm ™" for wild type at pH 5 (56). So the band we
observe in Y42F is also probably due to E46. The high wave-
number is consistent with a protonated E46 without a hydrogen
bond (57). In our proposed photocycle scheme of Figure 10 E46
deprotonates in the formation of I, H and becomes protonated in
the global conformational change associated with the formation
of I,. Our value of 1 for the proton uptake stoichiometry in the
formation of I,/ is in agreement with the proposed simultaneous
protonation change of E46.
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The major difference between the Y42F and wild-type photo-
cycles is the early formation of a protonated I;H intermediate.
Instead of two, there are three UV-absorbing intermediates with
protonated chromophores in this mutant. The first of these, I;H,
is a new intermediate. The proposed scheme of the Y42F
photocycle is shown in Figure 10.

SUMMARY

We showed by FTIR that the hydrogen bond between Glu46
and the oxygen of the chromophore is stronger in the yellow form
of Y42F than in wild type. This strengthening is attributed to the
replacement of the adjacent Y42—chromophore hydrogen bond
of wild type by a weaker hydrogen bond with T50 in the Y42F
mutant. In the shorter Glu46—chromophore hydrogen bond of
the yellow form of Y42F, the barrier for proton transfer is
lowered, allowing the bridging proton to cross the barrier
forming the intermediate spectral form. Our FTIR data indicate
that the chromophore is protonated and Glu46 deprotonated in
the intermediate spectral form. By selective flash excitation of
either of the two forms, this dark protonation equilibrium is
perturbed and returns to equilibrium with a relaxation time of
5 us. Excitation of the yellow or intermediate spectral form at
460 or 355 nm, respectively, leads to the same photocycle in the
50 ns to 10 s time range, indicating that the two cycles are strongly
coupled, probably by excited state proton transfer. The common
photocycle differs from that of wild type in two significant ways.
No Ij-like intermediate with deprotonated chromophore is
observed in our time range from 50 ns to seconds. Instead, using
transient fluorescence spectroscopy an additional early inter-
mediate with protonated chromophore was observed (I;H)
probably with an I;-like chromophore configuration.
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